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Research and development in semiconducting silicon carbide (SiC) technology has produced signifi-
cant progress in the past five years in many areas: material (bulk and thin film) growth, device
fabrication, and applications. A major factor in this rapid growth has been the development of SiC
bulk crystals and the availability of crystalline substrates. Current leading applications for SiC de-
vices include high power and high temperature devices and light emitting diodes. Due to the strong
bonding between Si and C (Si-C = 1.34 x Si-Si), wet chemical etching can only be performed at
high temperature. Therefore, plasma-based (“dry”) etching plays the crucial role of patterning SiC
for the fabrication of various electronic devices. In the past several years, reactive ion etching (RIE)
of SiC polytypes (3C and 6H) has been investigated in fluorinated gases (primarily CHF3, CBrFsj,
CF4, SFg, and NF3), usually mixed with oxygen and occasionally with other additives or in a mix-
ture of fluorinated gases. In this paper, a review of SiC RIE is presented. The primary emphasis is
on etching of the 3C and 6H polytypes, but some results on RIE of the 4H polytype are included.
The paper covers the basic etching mechanisms, provides typical etching properties in selected plas-
ma conditions, discusses the effects of changes in various etching parameters, such as plasma pres-
sure, density and power, etching time, etc. The etching of features of sizes varying from sub-um to
tens of um’s is addressed. Finally, optimum etching conditions and trade-offs are considered for
various device configurations.

1. Introduction

In the early 1960’s, at the beginning of modern silicon carbide (SiC) development, SiC
research was conducted only on small pieces (<1 cm) produced by the Acheson process
[1], which is currently used for the sand paper industry. In the recent years, larger area
6H- and 4H-SiC substrates (reaching a5 cm diameter) obtained from boules grown by
the modified Lely sublimation method have become commercially available [2]. The
availability of these SiC substrates has led to greatly increased research and develop-
ment in all aspects of SiC. High-quality cubic and hexagonal SiC epitaxial layers have
been successfully grown on the crystalline SiC substrates. For useful SiC device produc-
tion, large area and defect-free [3] substrates are required. At the same time, the growth
of 3C-SiC on Si substrates, has continued to improve [4 to 7]. This heteroepitaxial ap-
proach has the ultimate goal to provide truly large area and low cost SiC substrate
materials, as well as the potential integration of SiC high voltage technology with Si
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microelectronics. This general material availability has opened the way to significant
progress in the fabrication of various SiC electronic devices for applications requiring
high-temperature, high-speed, and high-power operation [8 to 13]. Promising electrical
performance for MESFET’s [14, 15], MOSFET’s [16, 17], thyristors [18, 19], non-volatile
memory devices [20, 21], heterojunction bipolar transistors (HBT) [22 to 27|, charge-
coupled devices (CCD) [28], and high breakdown voltage Schottky [29 to 40] and p—-n
junction diodes [41 to 45] have been reported. Various etching characteristics are re-
quired for the patterning of these devices. Reviews [46, 47] of higher power semiconduc-
tor electronics show SiC as the best candidate material for the near future smart power
technology. This is mainly due to its outstanding material properties such as high ther-
mal conductivity, high electric field breakdown, high electron saturation velocity, and
relatively better developed device fabricated processes.

The paramount reason for using plasma-based etching of Si or III-V semiconductor
materials is to take advantage of the relative anisotropy of plasma etching in order to
precisely control the line-width. This becomes extremely important when the device fea-
ture is at the sub-um scale (<1 um). For SiC, another important reason to employ plas-
ma etching is the chemical stability of SiC which makes “wet” etching of device struc-
ture very difficult. Indeed, wet etching of SiC has to be done either at elevated
temperature (>600 °C) in alkaline solutions [48] or with photoelectrochemical etching at
room temperature [49 to 51]. It is important to note that line-width control is very
difficult in the wet etching of SiC process under such high temperature or photo-assisted
chemical etching. This explains why plasma-assisted (“dry”) etching plays a crucial role
in the fabrication of various of SiC devices, for both large and small dimensions.

Reactive ion etching (RIE) of SiC in fluorinated plasmas has been developed to the
point where it is now widely employed in both the research and development environ-
ment and commercial product fabrication [2]. In our research laboratory at the Univer-
sity of Cincinnati, we have worked for the past ten years on the RIE of SiC for electro-
nic device fabrication. We have investigated aspects of SiC RIE in fluorine-based
plasmas, leading to a greater understanding of dry etching issues of SiC materials. In the
early stage of these investigations, amorphous [52] and polycrystalline SiC [53] were em-
ployed. More recently, 3C-, 4H- and 6H-SiC RIE have been reported in a variety of
fluorinated gases (CHF3, CBrF3, CFy, SFg, and NF3) usually in combination with oxy-
gen. SiC RIE in fluorinated plasmas has been shown to produce useful etch rates (100 to
1000 A/min) and a high degree of etching anisotropy leading to the patterning of sub-
um features. One difficult aspect of SiC RIE has been the formation of residues (which
lead to a rougher surface) after longer term etching under many conditions. This is (in
part) because the commercial RIE systems are designed to accommodate multiple large
Si wafers rather than the much smaller SiC substrates currently available (thus the area
of the electrode is usually much larger than that of the SiC samples being etched). Resi-
due formation can be a serious problem for subsequent processes, such as metal contact
(ohmic or Schottky) formation. Several techniques which have now been successfully
developed to prevent residue formation are reviewed in the latter section of this paper.
Very limited information has been reported [54] on SiC etching in chlorine-based plas-
mas, which has the potential for using non-metallic etch mask materials (e.g. SiO2) and
obtaining residue-free etching. SiC etching in fluorine-based high density electron cyclo-
tron resonance (ECR) plasma was reported recently [55, 56] with promising results for
high etch rate, anisotropic profile, and residue-free (smooth) surface topography.
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In this paper, a review of the current understanding and practice of reactive ion etch-
ing of SiC is presented. We concentrate on the fluorine-based RIE of 6H-SiC, the most
widely used polytype. However, some results in the plasma-assisted etching of 3C and
4H polytypes are also discussed. The topics include: a) basic plasma etching mechanisms
in fluorinated-oxygen mixtures; b) etching characeristics — etch rate (ER), etch aspect
ratio (EAR), etch rate ratio (ERR or selectivity) to Si, SiOs — and their dependence on
plasma parameters (power, pressure, and density); ¢) techniques for obtaining smooth
(residue-free) etched surfaces; d) techniques for etching sub-um features; €) an introduc-
tion to various high density plasma sources; f) a discussion of suggested etching condi-
tions and trade-offs in light of various device configurations. Finally, we discuss the
recent, progress on high density plasma etching of SiC.

2. Basic Plasma Etching Mechanisms

In this section a brief overview is given of the basic mechanisms at work during reactive
ion etching (RIE) of SiC at room temperature. Both physical and chemical processes
participate in the overall removal of Si and C atoms of SiC. Basically, all chemical etch-
ing processes probably consist of three sequential steps [57, 58]: 1. adsorption of the
etching species; 2. product formation; 3. product desorption. During a plasma discharge
a variety of species are produced [59]: charged particles (ions and electrons), photons,
and neutrals (radicals). Plasma etching of materials can proceed via a combination of
physical and chemical mechanisms. The dominant mechanism is determined by the vola-
tility of the reaction by-products and the energy of the ionized species. In practice, this
translates into choices regarding the feed gas (inert or reactive), the plasma pressure and
the choice of connecting the sample biasing electrode to the RF power or to ground.
These conditions result in plasma etching processes which can be grouped into four cate-
gories: a) sputtering — purely physical removal of the material by energetic ions of the
gas molecules; b) chemical plasma etching — neutral radicals formed in the plasma react
with the substrate material to produce volatile species ; ¢) ion-enhanced chemical etch-
ing — energetic ions damage the etch surface, enhancing its reactivity; d) inhibitor-con-
trolled chemical etching — ion bombardment removes inhibitor layers from surfaces
orthogonal to the ion flux, allowing chemical etching to proceed. Reactive ion etching,
which encompasses the last two categories, operates at relatively low pressures (from a
few mTorr to hundreds of mTorr) with the sample placed on the cathode, thus resulting
in the production of fairly energetic ions along with the formation of reactive radicals.
Plasma-based etching in the RIE mode generally allows for the most useful trade-offs
between etch rates and anisotropy.

The overall etch rate is given by the combination for the material removing mecha-
nisms outlined above:

R = Rgpurter + RByxeur + Riex + Rien (1)

where Rgpurrter is the ion sputter-removal rate, Rngyr is the chemical etching per-
formed by neutral radicals, Rigy is the ion-enhanced neutral chemical etching, and Ryon
is the inhibitor-controlled neutral etching. To understand the effect of the arrival rate of
ions and neutrals on the overall etch rate, Eq. (1) can be expanded [60 to 62] as follows:

R = Fips + Fx(1 — a— ) o + Fxagk + Fxfoi™, (2)
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where Fj is the ion flux (ions/cm?s), Fy is the flux of neutral particles, ¢g is the sput-
tering efficiency (cm®/ion), ¢y is the chemical etch rate efficiency of neutral species
(cm?/neutral), X and @X™ are the chemical etch rate efficiencies of neutral species on
the fraction (a) of the surface which has been ion bombarded (“sensitized”) and on the
surface fraction () covered by an etch inhibitor. The sensitized surface fraction ob-
viously increases with the ion flux. The ion flux also (negatively) affects the inhibitor
covered fraction, thus enhancing the chemical (neutral) etch rate. Basically, this model
simply explains the relationship between the two major plasma species (neutral radicals
and ions) involved in the plasma-assisted (“dry”) etching process.

For SiC etching in mixtures of fluorinated gases and oxygen, the most likely chemical
reactions associated with the removal of Si and C atoms are given in Eq. (3) to (5) [53],
leading to the combined chemical reaction shown in Eq. (6) for the removal of SiC mole-
cules. However, it is assumed that actual molecular removal is unlikely. To some extent, we
do not consider the other reaction compounds, such as COF, in the following discussion:

Si+ mF — SiF,, (m=1to4), (3)
C+mF — CF,, | (4)
C+n0O — CO,, (n=1t02), (5)
SiC + mF + nO — SiF,, + CO,, + CF,, . (6)

In silicon RIE, the presence of oxygen in fluorinated plasma produces important ef-
fects, due to several mechanisms [63]. First, [O] atoms react with unsaturated fluoride
species generating reactive F atoms, while simultaneously depleting these polymer-form-
ing species. Second, when increasing O is added to the feed gas, sufficient [O] chemi-
sorbs on the silicon surface making it more “oxide-like”, thus reducing the available Si
sites for etching. Third, if the oxygen additive is introduced as a replacement for the
fluorinated gas in order to keep the total flow rate constant, dilution effects reduce the
etch rate. The effect of oxygen additive can be readily seen in the etching of Si in
CBrF3/04, CF4/02, and SF;/02 gas mixtures [53]. The highest etch rate is obtained
when a relatively low oxygen (=5 to 20%) percentage is added to the fluorinated gas to
enhance the generation of etchant species and to deplete polymer species. Beyond this
point, as the oxygen percentage continues to increase, the etch rate monotonically de-
creases. A model was proposed for the etching of Si [64, 65]. When Si is exposed to [F]
atoms, it acquires a fluorinated skin (fluorine atom adsorption) which extends a few
monolayers below the surface. While most [F] atoms involved in the etching process
react with the surface, a small fraction attack underlying Si—Si bonds (3.38 eV), liberat-
ing SiF,, molecules. In Si etching, the [F/C] ratio, where [C] originates in the gas phase
(etchant), was proposed [58] as a determinant of the etching dependence on the process
pressure, input power, and additives. A high [F/C] ratio in the gas produces a high etch
rate, while at a sufficiently low [F/C] ratio a polymer film could be deposited on the
surface during the process, resulting in a negative etch rate or a taper (width of top < bot-
tom) etching profile. Polymer formation could be even more severe when Hj is present
in the plasma. This is a typical example of competition between etching and deposition
that determines the etching profile [66].

Turning now to SiC RIE in fluorinated plasmas, the etching process contains both
similarities and differences from the Si case. For example, highly anisotropic etching
profiles are obtained (>10:1) during the residue-free etching process which employs a
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graphite sheet covering the powered electrode [67]. In this case, an [F/C] ratio much
smaller than unity is expected, since copious levels of [C] are produced from several
sources: the SiC itself, the etchant gas (in the case of fluorocarbons), and most impor-
tantly from the graphite sheet. This indicates that the [F/C] ratio model used success-
fully for Si etching must be modified for SiC etching. For example, an anisotropic etch-
ing profile was obtained for SiC in SFs/Oy mixtures, which is not the case of normally
undercut etching profile for Si [68, 69]. The reason is due to SiC itself providing carbon,
which enhances the polymer formation, preventing the side wall from being etched. How-
ever, there were no fluorinated gases we have investigated which produced an undercut
profile during SiC etching.

In addition to the indirect roles of oxygen in the gas phase reaction, oxygen also parti-
cipates by directly removing C atoms in SiC through the reaction given in Eq. (5).
Carbon can be etched in either a pure fluorine-containing plasma (Eq. (4)) or a pure Oy
(Eq. (5)) plasma. As reported by several research groups [52, 53, 67, 70], a thin carbon-
rich layer is formed on the etched surface. This indicates that C is not removed suffi-
ciently fast from the etched surface through the reaction of either carbon—fluorine [C—F]
or carbon-oxygen [C-O] reactions. At low (or zero) % Os, it has been suggested [70]
that carbon is preferentially removed through the formation of CF,, (Eq. (4)) rather
than C-0,, (Eq. (5)), whereas at high O3% removal of carbon is dominated by the [C-O]
reaction. However, generally the SiC etch rate decreases as the Oy percentage increases.
This indicates that the [C-O] reaction through Eq. (5) may not be as efficient as the
[C-F] reaction through Eq. (4). This explains why one obtains the highest 3C-SiC etch
rate under low oxygen percentage conditions, which produce high fluorine intensity in
CF4/04, NF3/0,, and SFs/05 mixtures (Fig. 1 to 3), and for higher oxygen percentage
(60 to 80%) in CHF3/0s.

Along with the purely chemical plasma etching process, the effect of the energetic ion
flux needs to be considered. This primarily consists of damage or breaking of the surface
Si—C bond (4.52 eV), which enhances the chemical reaction efficiency, and removal of
non-volatile surface species, which enables the chemical reaction to proceed. The latter
includes providing sufficient energy to break the strong C-C bonding (6.27 V) that
could exist in the C-rich layer. This combination of effects have led to a two regime
model for the effect of dc bias on the etch rate of polycrystalline SiC [53]: a) at low dc
bias conditions, the low energy (and effectiveness) of the ion flux is the dominant me-
chanism; b) at sufficiently high values of the dc bias, the ion energy is high enough to
no longer limit the process and the etch rate is determined by the removal efficiency of
the chemical reaction.

3. Experimental Conditions

In order to draw meaningful conclusions regarding effects of various etching parameters
we have mostly utilized a common set of etching conditions in all experiments. This
consists of an rf power of 200 W (0.4 W/cm?), a pressure of 20 mTorr, a total flow rate
of 20 sccm, and etch times of 5, 20, and/or 30 min. In the following sections, we refer to
these experimental values as the “standard” etching condition. A few exceptions to the
standard condition are made: a) for the use of low flow rate (5scem) Hy additive in
which case the plasma pressure was increased by 5 mTorr to minimize the reactant-lim-
ited effect; b) for evaluating mixtures of NF3/SFg where a flow rate as high as 35 sccm
was utilized. Several other research groups also reported on the RIE etching of SiC in a
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variety of conditions. Usually, they operated at a much higher etching pressure, ranging
as high as 200 mTorr, or in a microwave plasma. The process pressure plays a critical
role in determining the value of the dc bias (ion energy), the etchant species lifetime
(reciprocal to pressure), macro- and micro-uniformity, and the level of polymer forma-
tion. Unfortunately, in many cases, there is not sufficient information on the etch rate
for a meaningful comparison. However, relevant data from other groups is discussed and
referenced in separate sections (Sections 4.3, 5.3.2 and 6).

To quantitatively measure the relative intensity of the primary plasma species, a com-
puter controlled optical emission spectrometer (OES) monitored the photoemission from
the plasma during the process. The dc bias and plasma species intensity were recorded
after striking the plasma for 1 min. Noble gas actinometry [71] was regularly employed,
using 0.6 scem (3% of total gas flow rate) of Ar added to the gas feed, to obtain the
relative concentration of various species, such as [H], [F], [Ar], [O], and [Br]. Plasma
photoemission was monitored at wavelengths of 486 nm for hydrogen [H], 703 nm for
[F], 750 nm for argon [Ar], 777 nm for oxygen [O], and 336 nm for bromine [Br].

Several categories of SiC material were utilized for our etching experiments: a) 8C-SiC:
6 to 8 um unintentionally doped n-type layers grown on p-type Si(100) by conventional
chemical vapor deposition [4]; b) 6H-SiC: primarily n-type (0001) Si-face substrates [2]
with doping concentration of 107 cm™3; in one set of experiments: n* substrates with
doping concentration of 10 ecm™3, and p-type substrates with doping concentration of
10" em™3; ¢) 4H-SiC: n-type (0001) Si-face substrates [2] with doping concentration of
9.9 x 10" em™>. Sputter deposited aluminum patterned by lift-off process was employed
as the etch mask. The Al metal mask was removed prior to measuring the etch step
height (and associated etch rate) and surface analysis. The step height was measured
with a surface profilometer (Dektak). Generally, the sample size was kept small enough
so that it does not significantly influence the nature of the discharge during the process.
This is extremely important for the comparison of experiments with the same nominal
etching condition.

4. Etching in Fluorinated Gas Mixtures

As discussed in Section 2, the RIE of SiC is performed in a primary fluorinated gas to
which secondary gases (oxygen and hydrogen) may be added to control or enhance the
process. In the work reviewed here, the primary gas consists of one of the following
gases: CFy, SFg, NF3, CBrF3, and CHF3. Mixtures of certain fluorinated gases were also
investigated. The reasons for choosing these gases are given below along with their etch-
ing characteristics. Other characteristics frequently investigated include the etching an-
isotropy (through the line edge profile) and the density of residues in the etch field. The
most important characteristic to be measured is, of course, the etch rate. In addition,
plasma characteristics, such as the self-induced bias and the density of the main plasma
species (such as [F], [O], [H]), are normally measured in order to understand the mecha-
nisms determining the process. Finally, the process parameter most commonly varied is
the level of the secondary gas.

4.1 Fluorinated-oxygen mixtures

In this section, we review the important characteristics of 3C-SiC etching in mixtures of
fluorinated gases and oxygen and compare 3C- and 6H-SiC RIE. In all experiments de-
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scribed below, the standard etching conditions mentioned before, with an etch time of
5 min were employed. The SiC samples were unintentionally-doped n-type 3C-SiC grown
on p-type Si [4], with the exception of RIE in CBrF3/0s mixture where high tempera-
ture annealed polycrystalline 3C-SiC sputter deposited on Si was employed [53]. Si and
SiOy (thermally grown) samples were also etched simultaneously with 3C-SiC samples,
to provide the etch rate ratios (ERR) of SiC/Si and SiC/SiO; required for fabrication of
SiC/Si heterojunction devices, such as HBT. The 6H-SiC samples were n-type Si-face
(0001) commercially available [2] substrates. The 3C-SiC etching characteristics (etch
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rate, ERR and relative density of main etch-
ing species) are shown in Figs. 1 to 5 for CFy,
SFs, NF3, CHF3, and CBrFj3 as a function of
02%. Fig. 6a shows the comparison of the
etch rates obtained using each of these gases
on the same plot. The self-induced dc bias re-
sulting in the various etching conditions is
shown in Fig. 7. Some of the main conclusions
regarding 3C-SiC RIE are: a) a relatively high
etch rate can be obtained in SFz/O2 and
NF3/0, mixtures; b) a high SiC/Si ERR is
produced in low fluorinated gases, such as
CHF;3/05 and CBrF;3/0, mixtures; c¢) the dc
bias is not a portable parameter; d) highly
anisotropic etching profile can be obtained in
all fluorinated oxygen plasmas except CHF3/
O, mixtures. Details of the etch aspect ratio
for these cases were reported elsewhere [53]
and will not be repeated here.

4.1.1 3C-SiC etching in CF;/0y
[52, 67, 70, 72 to 76]

CF, was one of the first halogens used for
plasma-assisted etching [58, 61] and its char-
acteristics in etching Si are well-known [63].
The SiC, Si, and SiO; etch rates in CF4/Oq
mixtures and related information are given in
Fig. 1. The typical effect of the O2 percentage

Fig. 1. 3C-SiC RIE in CF, as a function of Oy plas-
ma under the standard conditions a) SiC, Si, and
SiO, etch rate, b) SiC/Si and SiC/SiO; etch rate
ratio under the standard conditions, ¢) relative [F]
and [O] densities [73] (a.u. means arb. units)
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on the Si etch rate is observed, with the etch rate experiencing a sharp maximum
(~1.8 x 10° A/min) in the vicinity of the peak in the [F] concentration in the plasma
(=10% Oy) and then decreasing rapidly with increasing O percentage. The SiC etch
rate exhibited a much less pronounced peak value of 350 A /min at 20% Os. No effect of
0, percentage on the SiOy etch rate (=450 to 500 A /min) was observed in the 0 to 50%
range. At higher O, levels, the SiOs etch rate slowly decreases and reaches a low value
of ~210 A/min at 90% O,. ERRs of SiC/Si and SiC/SiO, are shown in Fig. 1b. An
ERR > 1 for SiC/Si is obtained at high (70 to 90%) Os percentage, where its effect is
more pronounced on the Si etch rate than on the SiC etch rate. No ERR > 1 for SiC/
SiO; was found in the entire range of Oy per-

centage. As shown in Fig. 1¢, the [F] and [O]

I a | plasma emission intensities were monitored as
SF, i the main etching species, thus providing a
3c.sic] 3 measure of their relative density in the plas-
] ma. As expected, the [F] intensity experiences

| a maximum at a relatively low level of Os in
the gas stream, whereas the [O] intensity in-
creases monotonically with the O, percen-
tage. A cross-over point between the [F] and
[O] intensities is observed at ~40% Os. As
noted by other workers in the field [53], the
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percentage (>70%). The [F] and [O] plasma emission intensities in NF5/O9 mixtures are
shown in Fig. 3c. Among the gas mixtures investigated, NF3/0y plasmas produce the

o b b b b b b cn e by
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500 T T Fig. 4. 3C-SiC RIE in CHF; as a function of O,
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§ 1.5 - While not an obvious choice, CHF; is an in-
< S o L ] teresting gas for etching SiC. By comparison
3] 5 to CF4, in CHF3 one of the F atoms is re-
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g ol ] venger for [F]. In turn, as shown in Fig. 4, this
7 T greatly decreases the Si etch rate at low Oy
o [F] c ] percentage, but does not significantly affect
o [0] B the SiC etch rate. At the same time the pre-
m [H] 1 sence of [H] in the plasma has the important
positive effect of reducing the density of resi-
dues present in the etch field (see discussion
in Section 5). The highest SiC etch rate of
~370 A/min was obtained at 60% O, plasma,
while the highest Si and SiOs etch rates of
370 and 480 A/min were both obtained at
50% O,. Beyond the 50% Os level, the effect
P I RN R R of increasing Oy percentage is to rapidly de-
00 20 40 60 80 100 crease the Si etch rate, while the SiC etch rate
O, (%) still increases up to the 60% O level and then

decreases slowly wuntil the 80% level is

reached. A SiC/Si ERR > 1 was obtained in the range of 60 to 80% oxygen, with the
highest ERR of ~2 being obtained at 80% O,. Interestingly, the etch rates of SiC and
Si09 exhibit similar trends with oxygen percentage, resulting in a SiC/SiO, ERR of 0.5
to 1.0 over the entire range of CHF35/O mixtures. Since the effect of the dc bias (see
Fig. 6) in increasing the etch rate is probably stronger for Si than SiC, the fact that the
SiC/Si ERR increases with Oq in the 60 to 80% range indicates the dominance of the C—
O chemical reaction. The [F], [O], and [H] plasma emission intensities are shown in
Fig. 4c. It is interesting to note that the same cross-over point of 50% Oy was obtained
for the [F] and [O] relative concentrations and for the SiC and Si etch rates (Fig. 4b). Of
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Fig. 5. Polycrystalline 3C-SiC RIE in CBrFj as a
function of Oy plasma a) SiC, Si, and SiO, etch
rate, b) SiC/Si and SiC/SiO, etch rate ratio, c) re-
lative [F], [O], and [Br] densities [53]

course, at high enough O, percentage the [F]
level decreases to the point where it becomes
the rate limiting step in the etching process
and the SiC etch rate drops off very quickly.
Therefore, multiple effects, involving the [F],
[O], and [H] intensities (and the dc bias level)
combine to control the reactive ion etching
process of SiC.

4.1.5 3C-SiC etching in CBrFs/ 0y [53]

The last etching gas to be discussed, CBrFs3, is
the only one investigated which combines two
different halogen atoms in a single molecule.
By comparison to CFy, in CBrF3 one of the F
atoms is replaced with Br. The results of etch-
ing polycrystalline 3C-SiC in CBrF5/0 plas-
ma are shown in Fig. 5. The Si ER pattern as
a function of Oy percentage is similar to that
observed for CFy (see Fig. 1) but with much
lower ER values. For example, the peak CFy
ER of ~1.8x10° A/min which occurs at
10% O is three times higher than the peak
ER of ~580 A /min obtained in CBrF; at the
same Os percentage. This clearly shows the
lower Si removal efficiency of [Br] as com-
pared to [F]. At higher levels of Oy, where
the [F] level is depressed, the Si ERs in CFy
and in CBrF3 are very similar. The SiC etch
rate is observed to increase nearly linearly
with Oy percentage up to 80% where it
reaches the highest etch rate of ~380 A /min.
Interestingly, this SiC etch pattern and ER

levels are similar to those in CHF3/05 plasma, where a H atom is found in place of the
Br, and different from the pattern obtained in CF,, where a F atom replaces the Br. In
Si processing technology, CBrF3/CF, mixtures are employed for the selective etching of
poly-silicon over SiO,, whereas CHF3/CF; mixtures are utilized for the selective SiOs
via etching. As shown in Fig. 5b, the etch rate cross-over point of SiC and Si occurs at
~60% O, and the highest SiC/Si ERR of ~2 is observed at the usual high Oy percen-
tage (80 to 90%). The [F], [O], and [Br| plasma emission intensities are shown in Fig. 5c.
The cross-over point between [F] and [O] occurs at ~50% O,, which is approximately

a1*
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Fig. 6. Comparison of SiC etch rates in fluori-
nated/oxygen mixtures under the standard condi-
tions for different polytypes. a) 3C-SiC, b) 6H-SiC

the same as for CHF3/0y mixtures. It is in-
teresting to point out that as the [F] level is
relatively low and constant up to ~50% O,
the linear increase in SiC etch rate with Oq
percentage in this range must be due to the
increasing effect of C—O reactions.

4.1.6 Comparison of 8C- and 6H-SiC RIE

In general, as seen in Fig. 6, RIE of 3C-SiC
grown on Si substrates results in a higher etch
rate than that of 6H-SiC substrates. Based on
current reported 3C-SiC material quality, a
higher defect density of 3C-SiC heteroepitaxi-
ally grown on Si could in part enhance the
charge transfer rate (chemical reaction). Un-
fortunately, there are no reports on the etching
of 3C-SiC grown on 6H-SiC substrates. An in-
depth etching comparison between 3C-SiC
grown on Si and 6H-SiC substrate is therefore
difficult to make based on the limited current
data.

4.1.7 3C-SiC effect of dc bias [58, 73]

The self-induced dc bias generated by plasmas using the fluorinated gases discussed
above are shown in Fig. 7 as a function of O, percentage. Interestingly, the fluorinated
gases which use more strongly electronegative species (e.g. NF3 and SFg) develop gener-
ally lower dc bias levels and higher etch rates than the other fluorinated oxygen plas-
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Fig. 7. The self-induced bias produced in the fluori-
nated plasmas of Fig. 1 to 5
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mas. This would tend to indicate that the “cross-over” bias level separating the dc bias
and reaction-rate limited SiC etching regimes [53] is a function of the etching gas used.
The dc bias increases with Oy percentage much more rapidly in NF3/0y and SFg/Oq,
than for the other mixtures. In contrast, in CF4/O2 mixtures the self-induced bias re-
mains nearly constant with Os percentage, while in CHF3/02 and CBrF;3/0s mixtures
the dc bias increases slowly as a function of O percentage.

4.1.8 3C-SiC etching in remote NF3/Oy [79]

A remote plasma apparatus is frequently used for plasma-enhanced chemical vapor de-
position (PECVD). In this case, a plasma produced remotely from the substrate is used
to dissociate gas molecules in order to reduce the growth temperature. Pure NF3 gas is
currently used as a cleaning gas in PECVD to remove deposits from the reactor walls.
The reason is the low polymer production of NF; plasma [80] and high etch rates of Si,
SiO9, and SigNy [81]. Interestingly, etching of 6H-SiC in a remote NF3/Oy mixture plas-
ma hot-wall PECVD system has been reported with highly isotropic profile [79].
Although the etching experiment was performed at elevated temperature (330 °C), only
a relatively low etch rate of 220 A /min was obtained. In this case, thermal energy was
the major energy input to the chemical etching process of SiC. The ion energy was
limited by the plasma potential in which the sample was floating. This set of experimen-
tal conditions and results indicate that ion bombardment plays an important role in
determining the SiC etching profile [53] and etch rate (through the breaking of the
strong Si—C bonds). This confirms that both chemical and physical processes are needed
in the etching of SiC which is in agreement with our previous discussion in Section 2 of
this paper.

4.1.9 8C-SiC effect of crystallinity [72]

The effect of crystallinity on the SiC etch rate was explored by Padiyath et al. [72]. As
shown in Fig. 8, they have found that etching of hydrogenated amorphous SiC (a-SiC),
polycrystalline (poly-SiC), and crystalline 3C-SiC (c-SiC) in CF40- plasma at high dc
bias (>300 V) results in a decreasing etch rate with increasing level of crystallinity. This
etch rate pattern is consistent with the trend in the number of broken Si—C bonds in

140
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these materials (¢-SiC < poly-SiC < a-SiC), and hence the charge transfer rate during
the chemical reaction process. The effect of crystallinity (or lack of it) on the etch rate is
consistent with the effect of the dc bias, which increases the etch rate by partially damag-
ing the SiC surface.

4.2 Mixtures of two fluorinated gases

In this section, we review the reactive ion etching of SiC in plasmas containing various
combinations of two fluorinated gases. Since the fluorinated gases we have primarily
investigated (CFy4, SFg, NF3, and CHF3) each produce different etch rates, it was con-
sidered of general interest to investigate the effects of dual gas mixtures. The first set of
mixtures consists of CHF3 as the primary gas and CF4, NF3 and SFg as the secondary
gases. Pure CHF3 produces a residue-free etch surface but has a relatively low etch rate,
while the reverse is the case for the other three gases. We were, therefore, interested in
determining the residue-free parameter space obtainable with a dual fluorinated gas mix-
ture. To that end, in this set of experiments data was obtained for the RIE of 3C- and
6H-SiC samples placed on the bare Al electrodes, which normally produces residues in
the etch surface. The second set of experiments explored conditions for increasing the
SiC etch rate while preventing residues through the use of a graphite cover on the Al
electrodes. For these experiments, mixtures of NF3 and SFg were used to etch 6H- and
4H-SiC samples.

700:‘ R 4.2.1 CHF;3 plus other fluorinated gases [82]
u m NF a_
= 600?\ R CF3 3C-sic] | In this section we discuss the etching of SiC
g - Q- ¢ ] in dual fluorinated mixtures of CF,/CHFj,
g S00F "~ o SsF, ; ,
= ! S 3 NF;3;/CHF3, and SFg/CHF;3. As in the cases
= 4005~ ~ . E involving a mixture of a single fluorinated
§ 300; N E gas and oxygen (see Section 4.1), the experi-
= N DR - . ments with dual fluorinated mixtures are
m 200;* Tl DN performed with the standard etching condi-
100:_ T ,O,=_§ tions, and etch times of 5 and 30 min. Etch
g o rates of 3C- and 6H-SiC in NF3, CF,, and
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r b
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Fig. 10. Self-induced dc bias in fluorinated mixture
plasmas [82]

discussion of the residue-free etching aspect is
presented in the next section (Section 5) of
this paper. Generally, 3C-SiC has a higher
etch rate than 6H-SiC. In part, defect den-
sity in 3C-SiC [83] could be an important
factor resulting in a higher etch rate. In
Fig. 9, the experimental results (data points)
were primarily obtained at 0, 10, 50, and
90% of CHF5 in the total gas mixture. Addi-

tional data points were obtained for the residue-free etching study. Due to lack of full
range of data points from 0 to 90%, dashed lines were used for the data point curve
fitting for both Figs. 9 and Fig. 10. Without the O, additive effects, the [F] emission
intensity changes almost linearly as a function of CHFsj.

Currently, etching of Si in fluorinated gas mixtures is frequently employed in the fab-
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rication of Si integrated circuits. A variety of
fluorinated gas mixtures, such as NF3/CHFj3
have been reported for different applications.
Usually, CHF3 is used as a primary gas [66]
for increasing selective etching of SiOy over
Si, side-wall protection for anisotropic etch-
ing, resolving corrosion issues, and obtaining a
residue-free (smooth) surface [68]. The CFy/
CHF3 mixture has been particularly effective
for the SiOs contact via and profile control
etching. Under these near polymer formation
conditions (without Oz present in the main
stream gas), care must be taken against con-
tamination from particulate and excess poly-
merization. This could occur due to hydro-
gen-containing fluorinated gases (specially
CHF3) which produce more polymer than hy-
drogen-free gases (CF, and SF).

Fig. 11. Etch rate of 6H- and 4H-SiC vs. flow rate
of NF3
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The etch rate of 3C-SiC generally decreases with increasing CHF3 percentage in the
dual gas mixtures. As shown in Fig. 9a, the most pronounced decrease occurs for the
NF;/CHF;3 and SFs/CHF3 mixtures. For example, the etch rate reduces from a high of
592 A /min in pure NF3 to 120 A/min in the NF3/90% CHF3 mixture. In the case of
CF,/CHF; plasma, the etch rate was constant at low CHFj3 percentage, and much re-
duced compared to equivalent NF3/CHF3 and SFs/CHF; mixtures. CF,/CHF3 mixtures
containing more than 50% CHF3 result in a reduction in etch rate similar to that of the
other two mixtures.

The etch rates of 6H-SiC in the same dual fluorinated mixtures are shown in Fig. 9b.
The highest etch rates for 6H-SiC were all obtained in pure NF3, CFy, and SFy gases
and the etch rates in the dual mixtures generally decrease as the CHF3 percentage in-
creases. The etch rate of 6H-SiC in NF;/CHF; mixtures decreases almost linearly with
increasing CHF3 percentage. Similar trends in etch rates were obtained for both of CF,/
CHF; and SFs/CHF3 mixtures.

Considering the dc bias and etch rate, it is interesting to note although both etch
rates of 3C- and 6H-SiC fall in conditions of SFs/50% CHF3 > NF3/50% CHF3 > CF,/
50% CHF3, the corresponding dc biases are in the reverse order of SFg/50%
CHF; < NF3/50% CHF3 < CF,/50% CHF3. This indicates a higher dc bias results in a
lower etch rate, which means the etch rate does not have a simple linear relationship

with the applied dc bias. However, a certain

600 T I T T level of bias is required to physically or che-
Pressure : 20 mT a mically etch SiC. To obtain a high etch rate,
Power : 250 W a combination of physical and chemical pro-
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- cesses is generally required.

4.2.2 NF5 plus SF¢ miztures

4H- and 6H-SiC samples cut from single-crys-
tal wafers were etched in mixtures of NFj3
- and SFg. The objective of investigating these
dual fluorinated mixtures was to achieve
higher etch rates, but without producing resi-
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Fig. 13. Etch rate of 6H- and 4H-SiC in NF3/SFg
mixture plasmas

gating the effect of increasing the flow rate
from 20 to 35 sccm (while keeping the pressure
fixed at 20 mTorr). With these modifications,
we found several conditions for which the re-
sulting etch rate was greater than 500 A/min,
which is reasonably high for SiC RIE.

Figs. 11 and 12 show the etch rates of 4H-
and 6H-SiC as a function of the flow rates of
NF3 and SFg, respectively. The overall etch
rate increases with the gas flow rate, despite
the accompanying reduction in the residence
time of the chemically active species. This
shows that the critical flow rate is still not
reached at 35 sccm. No significant difference in
the etch rates for the two SiC polytypes was
observed for NFj3, while for SFg the 4H poly-
type showed a somewhat higher etch rate
(567 A /min at 35 sccm) than the 6H polytype
(529 A /min at 35 sccm). The highest etch rate
exceeded 600 A/min in NF3 plasma, and
500 A /min in SFg plasma for both polytypes.

Fig. 13 shows the etch rates measured for the two SiC polytypes in different mixtures
of NF3 and SFg with a total flow rate of 35 sccm. The same general etch rate trend is

1B

HF3 25HIH

Fig. 14. SEM photograph of 6H-SiC
(with 300 nm of Al mask) etched in
pure NF3 for 25 min under the fol-
lowing conditions: pressure:
20 mTorr, flow rate: 35sccm, rf
power: 250 W
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Table 1

Summary of results reported on RIE of primarily hexagonal SiC polytypes

P. H. Y, V. SAXENA, and A. J. STECKL

polytypes source process type typical process conditions: etch rate  ref.
etched  gas(es) pressure, power, dc bias, (A /min)
flow rates
3C CF4/09 plasma/ 180 to 200 mT, 60 to 260 Dohmae
RIE (rf) 0.8 W/cm?, et al. [85]
67% O, 33% CF,
4H, 6H SFy RIE (xf) 20 mT, 250 W, this work
~9220 to —250 V,
20 sccm 490, 420
35 scem 570, 530
6H SFs/0, RIE (xf) 20 mT, 200 W, this work
NF;/0, ~990 to —250 V,
SFg : Oy =18 : 2 (sccm) 450
NF3: Oy = 18 : 2 (sccm) 570
6H SFs/04 RIE (rf) 50 mT, 200 W, —250 V, 360 Kothandara-
SFg : O =5: 5 (sccm) man et al. [86]
6H SFs/04, RIE (rf) 190 mT, 300 W, Wolf and
CF4/09 CF4: 0y : Ny 2200 Helbig [76]
with Ny =40:15:10 (sccm)
additive SFG : 02 : N2 3000
=40:2:0 (sccm)
4H, 6H  NF, RIE (xf) 20 mT, 250 W, this work
—220 to =250V,
20 sccm 565, 540
35 sccm 630
4H, 6H NF; RIE (xf) 225 mT, 275 W, 1500 Casady et al.
—95to0 —50 V, (78]
95 to 110 sccm
6H Cly/SiCl; /Oy RIE (rf) 190 mT, 300 W, Niemann
and Ar/Ny Cly : SiCly : O9 : Ny 1600 et al. [54]
=40:20:8:10 (sccm)
Cly : SiCly : Oy : Ar 1900
=40:20:0:10 (sccm)
3C, 6H SF4/0, ECR (uwave) 1mT, 1200 W, 1000 to Lanois et al.
—20 to =110V 2700 (87]
SFs: Oy =4:0 to 8 (sccm)
SFg: 02 =4:0 to 6 (sccm)
4H,6H CF4/09 ECR (uwave) 1mT, 650 W, =100V, 700 Flemish and

CF4: Oy =41.5: 8.5 (sccm)

Xie [88]

observed for both polytypes. A broad and shallow minimum in the etch rate occurs at
20 to 40% NF3, while the highest etch rates are obtained for the pure gases. The fact
that the etch rate of 4H-SiC is very close to that of 6H-SiC under most conditions
enables us to transfer most RIE processes developed from one polytype to the other.

An example of RIE using pure NF3 to etch a trench deeper than 1 um is shown in
Fig. 14. The etched surface and the sidewalls are quite smooth and without any residues
(due to the use of the graphite cover). These process parameters could therefore provide
favorable conditions for etching deep trenches in SiC for applications such as power
device fabrication and micromachining.
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4.3 Review of other results on SiC reactive ion etching

In this section, we review some of the results reported by other groups on primarily
hexagonal SiC reactive ion etching. Table 1 summarizes the etching conditions and re-
sulting characteristics. For completeness, selected results from our own work are also
included. The table also contains information on microwave-based plasma etching of
SiC, which is discussed in more detail in Section 6, and chlorinated gas plasmas, which
is discussed in Section 5.3.2.

Plasma etching of different polytypes of SiC have been reported by other researchers.
Dohmae et al. [85] reported the first plasma etching results on the 3C-SiC polytype.
They used the CF4/Oy mixture at 180 to 200 mTorr to obtain plasma etch rate of 6 to
26 nm/min.

More recently, Kothandaraman et al. [86] have reported the effect of gas flow rate,
chamber pressure, and rf power on the etch rate of 6H-SiC in SFg/O2 mixtures. Fig. 15
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shows the variation of the etch rate as a function of pressure for a SF4/50% O mixture, an
rf power of 200 W, and a total flow rate of 10 sccm. A peak etch rate of 360 A/min was
obtained at 30 mTorr pressure, which was the lowest pressure evaluated. Wolf and Helbig
[76] have reported the effect of nitrogen additive to CF4/O2 and SFs/Os plasmas on the
etch rate of 6H-SiC at relatively higher pressure (190 mTorr). As seen in Fig. 16, the etch
rate at this pressure is enhanced by a factor of 1.5 to 2 through the addition of Ny in
CF4/03 plasmas. In SF4/0s, the etch rate is higher than for CF,/0Oy and actually de-
creases with Ny addition due to the formation of complex molecules. Casady et al. [78]
have reported RIE of both 6H- and 4H-SiC polytypes in pure NF3 source gas at a very high
flow rate of 100 sccm. As shown in Fig. 17, the etch rates obtained exceed 1200 A /min, and
increase almost monotonically as the pressure is increased from 75 to 325 mTorr. They
report an optimum pressure of /225 mTorr for best etch rate and surface cleanliness.

5. Techniques for Obtaining Residue-Free Etching

Interestingly, SiC etching in most of the fluorinated oxygen plasmas results in residue
formation (surface roughness) [89] in the etch field except in some of the CHF3 plasma
conditions for all SiC polytypes [73, 75]. It has been shown using Auger surface analysis
[67, 89] that residues were formed due to contamination from the cathode material
through the micromasking effect. Several issues need to be addressed regarding how the
residues are formed. As discussed before, the electrode area in the commercially avail-
able RIE systems is much larger than that of the SiC samples utilized in the etching
experiments. This results in simultaneous etching (sputtering) of the metal electrode,
leading to residue formation. Residue-free etching of SiC using graphite or kapton sheet
to cover the Al elecrode has reaffirmed the micromasking effect [67, 73, 75].

To obtain residue-free etching of SiC, we have previously reported the use of fluori-
nated oxygen mixtures such as CHF3/02, CF4/O2, SFs/04, and NF3/0y with Hy addi-
tive [73, 75], and of mixtures of two fluorinated gases such as CF,/CHF;3; and
NF;3;/CHF3 [82]. In this paper, we review several approaches to prevent residue forma-
tion in the etch field including (i) adding pure Hy gas into fluorinated oxygen plasmas;
(ii) utilizing H-containing gas as one of the etching gases, such as CHF}3; (iii) employing
high density plasma sources — sample bias control and control of the location of the
sample which is separated from plasma generation region; (iv) covering the metal ex-
posed to the plasma by using teflon, graphite, and kapton. The trade-off between resi-
due formation and other etching parameters is presented.
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We have previously demonstrated the etch rate and anisotropic profile of SiC in a
variety of fluorinated oxygen and fluorinated mixture plasmas, such as CHF3/O;,
CBI‘F3/OQ, (]]:?4/()27 SFG/OQ, NFJ/OQ, CF4/CHF3, SF@/CHFJ, and NF5/CHF3 Consid-
ering the surface morphology after long term etching, rough surfaces (residues) were
obtained after etching in most of these gas mixtures. The density and physical shape of
residues were determined by the plasma chemistry [73, 75]. Interestingly, similar rough
surfaces were reported for Si etching in pure CF, plasma [90, 91]. The mechanism pro-
posed was again metal contamination from the electrode. The rough etched surface
usually shows as black when observed directly under room light. This is due to the
scattering of light from the surface microstructure. These areas have been called “black
silicon”. For n-type 6H-SiC, we observe dark non-transparent green areas with residues
in the etch field. To remove the electrode metal contamination, Hs additive in pure CF4
plasma has been reported in Si RIE etching [90]. Hy could possibly be seen as an alumi-
num scavenger (“gettering effect”). This indicates that the Hy additive process could not
only be applied to just Si and SiC, but possibly to any semiconductor material in gener-
al [92]. In addition to using Hs to obtain a residue-free etched surface, it has been used
as an additive in fluorinated plasmas for the selective etching of SiO, and SisN, over Si
[66]. One of the side effects of the Hy additive in the plasma is that the H radicals are
implanted into the Si substrate, and deactivate the dopants [93, 94]. Implant depths of
400 A into the Si substrate were reported [95] resulting in the possible reduction of the
surface doping concentration. This result has been confirmed [56] by fabricating Schott-
ky diode to measure the surface doping concentration under various etching conditions.

To obtain a residue-free etching of 3C- and 6H-SiC, one can (i) etch in fluorinated
oxygen mixture with Hy additive, such as CHF3/09/Hy, CF4/09/Hs, SF/04/Hy, and
NF3/04/H;y [73, 75]; (ii) etch in CF,/CHF3 and NF3/CHF; fluorinated mixtures [84];
(iii) perform etching with the electrode covered with a non-metallic sheet [67, 73, 75].
These processes for residue-free etching can easily be utilized by choosing the right etch-
ants or by covering the electrode with graphite, polymide, or quartz sheet. Possible me-
chanisms have been proposed including (i) gettering effect — gas phase reaction of Hj
and Al clusters to form aluminum hydride volatile compounds (AlH,); and (ii) etching
enhancement of carbon-rich surface. A material with low etch rate and sputter yield
could be the best candidate. Care must be taken to avoid excess polymerization or parti-
cle generation in this case. The greatest advantage of using Hy additive for residue-free
etching is that the process is independent of the reactor material, and is highly reprodu-
cible and portable. However, Hy addition also results in a reduction of the etch rate due
to gas phase reaction of fluorine and hydrogen. The presence of excess Hy in the plasma
also reduces the etch aspect ratio. This is because the hydrogen-containing fluorinated
gases produce more polymer than hydrogen-free gases [66]. A trade-off between residue-
free etching with Hy process and other etching requirement is often needed.

5.1 H, additive in fluorinated oxygen mixtures
5.1.1 Etching of 3C-SiC [13]

Etching of 3C-SiC in fluorinated oxygen mixture plasmas has been reviewed in detail in
the previous section. Adding pure Hy in the fluorinated oxygen plasmas can prevent
residue formation. Due to the gas phase reaction between fluorine and hydrogen, various
levels of Hy are required under a variety of etching conditions. The 3C-SiC etch rate in
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Fig. 18. Etch rates of 3C-SiC a) without and b)
with Hy additive in CHF3, CF4, SFg and NF3 as a
function of Oy plasma [73]

CHF3, CFy, SFg, and NF3 as a function of Oy
plasma without and with H, additive is
shown in Fig. 18a and b, respectively. The
corresponding minimum Hs flow rate of
Fig. 18b is shown in Fig.19. As shown in
Fig. 18, limited data points were measured at
0, 10, 50, and 90% of Oy so that the dashed
line was employed for the curve fitting. Gen-
erally, the etch rate decreases as the Hy per-
centage increases. This is the reason why
finding the minimum Hy flow rate is so impor-
tant. Furthermore, the minimum H, flow rate
required for residue-free etching in fluorinated
oxygen gas mixtures decreases as the Oq per-
centage in the mixture increases. This is due
to increased consumption as a result of the
gas phase reaction. An exception is the
CHF3/0, plasma. This may be because CHF'3
is by itself a Hs-containing gas. Etching in
pure NFj3 plasma with few spikes was ob-
tained only for 3C-SiC with high etch rate

and anisotropic profile. As shown in Fig. 19, 16 sccm Hs was used as the highest flow rate
in all of the fluorinated oxygen mixture plasmas we have investigated. As the required Hy
flow rate is greater than 16 sccm, no further experiments were performed to find the
minimum Hy flow rate. As shown in Fig. 18b, the highest residue-free etch rate of
~338 A /min was obtained in CHF3/50% O (20 sccm) with Hy (2 scem) additive plasma.
The process pressure was changed from 20 to 25 mTorr.
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Fig. 19. Minimum H, flow rate of residue-free etch-
ing condition for 6H-SiC in fluorinated oxygen plas-
mas [73]
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Fig. 20. Etch rates of 6H-SiC in CHF3/50% O-
a) without and b) with Hy additive in CHF3, CFy,
SFs and NF; as a function of Oy plasma [73]

5.1.2 Etching of 6H-SiC [75]

Etching of 6H-SiC in CHFj3, CF4, SFg and
NFj as a function of Os plasma without and
with Hs additive is shown in Fig. 20a and b,
respectively. The corresponding Hy flow rate
of Fig.20b is shown in Fig. 21. As shown in
Fig. 20, limited data points were measured at
0, 10, 50, and 90% of Oy so that the dashed
line was employed for curve fitting. As for
3C-SiC, the etch rate generally decreases as
the Hsy percentage increases. The highest
etch rates were obtained by using the mini-
mum H, flow rate needed for residue-free
etching. As shown in the shadowed rectangu-
lar region of Fig.21, an upper limit of
16 sccm was set for the H, flow rate. As
shown in Fig. 21, for the NF3/0s and
SFs/02 mixtures, residue-free etching condi-
tion was obtained only at 90% O, for both
mixtures. The etch rate obtained was
~150 A/min. At low O, percentage, the
minimum Hy requirement for residue-free

etching increases significantly. Except for the CF4/10% Os composition, residue-free etch-
ing was obtained in both CF;/0O, and CHF3/05 mixtures with <16 sccm of Hy addi-
tive. Comparing the Hy requirement to 3C-SiC (Fig. 19), 6H-SiC needs a higher level of
Hj to prevent the residue formation. The reason is still unknown based on the current
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experimental results. As shown in Fig. 20b, the highest residue-free etch rate of ~150 A/
min was obtained in CF;/50% O 4+ Hy (28%) mixture plasma. The process pressure was
changed from 20 to 30 mTorr.

5.2 Fluorinated mixtures

CHF}j is the only fluorinated plasma in which residue-free etching can be obtained for
both 3C- and 6H-SiC polytypes without any gas additive and without the need for cov-
ering the Al electrode. Unfortunately, the etch rate in pure CHF3 plasma is much lower
compared to the etch rates in the plasmas of other fluorinated gases investigated i.e.
NF3, CF4, and SFg. Hence the mixtures of these gases with CHF3 as the primary gas
have been employed for the etching of 3C- and 6H-SiC to get a higher etch rate while
maintaining residue-free etching. The etch rate and etched surface morphology of 3C-
and 6H-SiC in NF3, CHy, and SFg as a function of the percentage of CHFj3 in the mix-
ture are shown in Fig. 9a and b, respectively [82]. The corresponding dc bias is shown in
Fig. 10. Etch rate in fluorinated mixture plasmas has been discussed previously (Section
4.2) and elsewhere [82]. Residue-free etching of 3C- and 6H-SiC in fluorinated mixture
plasmas has been obtained in the shadowed rectangular region of Fig. 9. As shown in
Fig. 9a, residue-free etching of 3C-SiC was obtained only in CF,/CHF5 and NF3;/CHF};
mixture plasmas. At CHF3 percentages higher than 75%, residue-free etching can be
obtained in CF;/CHF3; mixtures. In this paper, we have expressed this as
CF,/ >75% CHF3. With this nomenclature, NF3/ >95% CHF} is required to obtain re-
sidue-free etching for the 3C-SiC. In addition, even though the mixture of SFg/90%
CHF; is located in the residue-free etching region in terms of etch rate, no residue-free
etching was found in the mixture of SFg/CHF.

For 6H-SiC, as shown in Fig. 9b, CF,/CHF; is the only fluorinated mixture plasma in
which we can achieve residue-free etching. CFy/ >85% CHF; is required for this condi-
tion. Comparing to 3C-SiC (Fig. 9a), etching of 6H-SiC (Fig. 9b) needs a higher level of
CHF3 to achieve residue-free conditions. Interestingly, this result is similar to that for
the Hy additive in fluorinated oxygen mixture plasmas i.e. a higher level of Hy is needed
for 6H-SiC to obtain residue-free etching. In NF3/CHF3 plasma, even at NF3/ >95%
CHF3, residues in the etch field were obtained in 6H-SiC, whereas residue-free etching
was obtained in 3C-SiC for these compositions. This difference in the etch results for
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3C- and 6H-SiC for the same gas composition can be used to identify the polytype by
employing RIE. Similar to 3C-SiC, residue-free etching could not be obtained in SFg/
CHF3 mixtures for 6H-SiC as well.

To study the residue-free etching process on various doping levels and dopant type,
n-, n*-, and p-type 6H-SiC samples were etched in CHF3/50% O,, and the minimum
hydrogen additive required for each was evaluated. The doping level of n-, n™-, and
p-type 6H-SiC are about 10*7, 10'°, and 10'® cm™3, respectively. The etch rate with
different doping level and dopant types as a function of Hs flow rate are shown in
Fig. 22. Similar etch rates were obtained for the n- and p-type samples. The n*-type 6H-
SiC samples, however, had a somewhat higher etch rate. Similar levels of Hy (7 to
8 scem) were required to obtain residue-free etching for samples with different doping
level and dopant type. This result indicates that the doping level and the dopant type is
insignificant for the residue-free etching process utilizing Hy additive.

5.3 Other techniques for residue-free etching
5.3.1 Non-metallic electrodes

Metal contamination (micromasking) from the electrode or surrounding reactor wall is
the main source for contamination resulting in residues in the etch field. The easy way is
to cover with non-metallic material such as SiOs, Si, graphite, kapton, and teflon. A low
etch rate and sputter yield material can be the best candidate. Notably, loading effect
from the covering material becomes inevitable during etching. In Si technology, the most
common material used to cover the electrode/reactor walls is teflon. Since most systems
are designed for etching Si wafers, teflon could be used to cover the entire metal surface
so that one can easily minimize the metal contamination during the etching process.
However, for SiC, we have reported [73, 75] that it is sufficient to cover the powered
electrode (sample electrode) by a graphite or a kapton sheet and that we can leave the
upper electrode and the reactor walls intact (without covering). Since the material is in
form of a thin sheet, it does not affect the distance between the electrodes. One should
be aware that the use of a covering material could change the discharge conditions by
leading to polymer formation (if the cover material is a polymer), and by altering the
distance between the electrodes (if the sheet is too thick). However, utilizing the right
material for the etch mask, and avoiding metal contamination from the etching reactor
can prevent the formation of residues in the etch field.

5.8.2 Non-fluorinated plasmas

RIE of 6H-SiC in chlorine-based plasmas (Cly/SiCly/Oy/Ar/N3) has been reported by
Niemann et al. [54]. Interestingly, non-metallic CVD SiO, was employed as the etch
mask and the SiC sample was affixed on the oxidized Si wafer to facilitate the transfer-
ring system. Although the size (1”) of SiC wafer is small, the Si wafer can fully avoid
the contamination from the metallic electrode. No residues were observed in this gas
mixture. A higher etch rate of (1 to 2) x 10° A/min was obtained in this gas mixture by
varying the flow of Oy and choosing Ar or Ny inert gas independently. These experi-
ments show promising results for SiC etching in Cl-based plasma with a high etch rate
and non-metallic etch mask. However, higher processing costs usually accompany the
use of chlorinated plasma-assisted etching. Further investigation of SiC etching in chlor-
ine based plasmas are required to compare the etch rate and etched surface morphology
to those obtained in fluorinated plasmas.

42 physica (b) 202/1
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6. Etching in High Density Plasmas

As we progress into the Si Ultra-Large-Scale Integrated (ULSI) circuit era, Si technology
is currently employing etching at lower pressures (<10 mTorr) and use of higher density
(101° to 10'2 cm~?) plasmas. Such plasmas have relatively lower plasma potential and
higher ionization efficiencies [66], and it is possible to have independent control over the
ion energy and the flux to the wafer. They are able to provide sufficient plasma densities
for etching feature sizes below 1um and for aspect ratios (depth/width) much larger
than one. Etching in such plasmas results in a higher etch rate (and thus a higher
throughput) and a highly anisotropic etch profile (desirable for sub-um etching). The
process utilizes lower pressures which reduces the scattering of ions and increases direc-
tionality, thus giving more control over the etch profile and a better etch uniformity.
This is extremely important when device size shrinks to <1 um. The process also results
in reduced surface damage (and hence lower leakage current), and allows the use of pure
etchant gases without the need for additives to avoid residues. These advantages make
it desirable to perform dry etching of SiC in high density plasmas. With etch rates high-
er than 1000 A /min, reactors utilizing such plasmas would be able to fulfill the nominal
mass-production requirement at a throughput of ~10 wafers/h when larger area SiC
wafers would be used for device fabrication. Investigation of etching of SiC in high den-
sity plasmas could indeed be an active area for research.

Many widely used high density plasma systems employ electron cyclotron resonance
(ECR), and in such systems, the samples to be etched are placed remotely from the
plasma generation region. Recently, plasma etching of 6H-SiC has been reported [55] in
~CF4/20% O plasmas with relatively lower dc bias (<200 V). A higher etch rate and a
residue-free (“smooth”) surface was obtained without any gas additive. The absence of
residues in this process indicates that there is negligible sputtering from the etch mask
and the electrode materials. Interestingly, indium tin oxide (ITO) has been employed as
an etch mask material rather than aluminum (Al). Although a higher etch rate was
obtained in ECR etching, a higher input power (>500 W) was utilized to achieve this
goal. The results reported from ECR etching in CF,/O, plasma [55] are shown in
Fig. 23. To understand the advantages of SiC ECR etching over RIE, it is important to
consider the discharge mechanism and conditions of the ECR plasma. ECR plasma can
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of w/v>1 should be satisfied, where
w(2nf) and v are the angular frequency
and electron collision frequency, respec-
tively. The magnetic field corresponding to uwave and VHF waves are 875 and 51 G,
respectively. The value of w/v also indicates the intensity of the plasma. Under certain
pressure (<5 mTorr), a plasma density higher than that in RIE can be obtained from
charge particle resonance.

In addition to ECR plasmas, there are many other high density remote plasma
sources commercially available, such as the Transformer/Inductive Coupled Plasma
(TCP/ICP) [97], Helicon (H) Plasma [98 to 101], and the Helical Resonance (HR) Plas-
ma [102, 103]. For comparison, the plasma density of various plasma sources as a func-
tion of pressure is shown in Fig. 25. The plasma density decreases as the pressure in-
creases. Generally, the RIE plasma density is in the range of 10° to 10" cm™3. The
plasma density in an RIE reactor can be enhanced by confining the charge particles
with a magnetic field. This process is referred to as magnetically enhanced reactive ion
etching (MERIE). However, in the presence of the magnetic field, plasma uniformity in
such a process becomes a key issue. To have a generic idea of the various plasma
sources, system schematic diagrams of RIE, PE, ECR, TCP/ICP, H, and HR plasma
are shown in Fig. 26. RIE (Fig. 26a) and PE (Fig. 26b) are both capacitively coupled
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Fig. 26. System configuration of remote plasma sources: a) reactive ion etching (RIE), b) plasma
etching (PE), c) electron cyclotron resonance plasma (ECR), d) transformer coupled plasma
(TCP), e) helical resonance plasma (HR), ) helicon plasma (H)

plasmas (low plasma density and high plasma potential). For RIE, the area of the bot-
tom electrode (wafer electrode) is smaller than that of upper electrode so that a higher
sheath bias can be generated across the wafer. The wafer to be etched is placed on the
electrode that has the higher bias and hence ion bombardment can participate in the
overall etching process.

The discharge mechanisms of TCP/ICP [104], H [105, 106], and HR [107] plasma
have been reported elsewhere. A detailed discussion on these plasmas is beyond the
scope of this paper. However, a brief discussion is given next. The transformer coupled
plasma (Fig. 26d) is generated by the application of rf power to a non-resonant, induc-
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Fig. 27. Helicon plasma etching of
6H-SiC at 10 mTorr in a) CFy/
10% Oq and b) SFs/10% O,

28kwv 28 . Bkx

28k v 28 .8kx

tive coil, resulting in the breakdown of the process gas within or near the coil by the
induced rf electric field. Power is mainly transferred from the electric field to the plasma
electrons by collision dissipation (ohmic heating). Inductive sources have several advan-
tages over other sources, including simplicity in concept, no need for magnetic field
(resulting in better plasma uniformity), non-resonant operation, and cable-ready rf
power (no waveguide needed). The helical resonator plasma (Fig.26e) is created by
either capacitive or inductive coupling. Careful hardware design can force the operation
in the desired inductive mode (high density and low plasma potential). Helicon plasma
(Fig. 26f) is excited by an rf-driven antenna that is coupled with the transverse mode
structure across an insulating chamber wall. The input energy is absorbed by the elec-
trons in the plasma through collision or through Landau damping.?) Currently, high

) Landau damping is a process by which a wave transfers energy to electron having velocity
near the phase velocity vy, = w/k, of the wave.
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density plasma sources are being widely utilized in the fabrication of Si ULSI circuits
[108 to 111].

We have explored the etching of SiC in the helicon plasma. In these experiments, we
performed the etching of n-type 6H-SiC substrate in CF,/10% Oz and SF/10% O2 gas
mixtures with an input rf power (helicon source) of 1000 W, an applied rf bias power
of 100 W, a process pressure of 10 mTorr, and a total gas flow rate of 44 sccm. Al was
employed as the etch mask. Using kapton tape, the SiC sample was affixed to a large
area glass substrate (Corning 7049) to facilitate the automatic transferring system into
the etching reactor. The sample is located right underneath the plasma generation zone
and the area is much smaller than the glass plate. We can assume that there was no
metal contamination from the electrode which was covered by the glass plate. Under
this condition, the only possible contamination source is the etch mask. The etching
profiles with etch mask in place in CF4/10% Oy and SFg/10% O plasmas are shown in
Fig. 27a and b, respectively. As shown in Fig. 27, highly anisotropic etching profiles
were obtained from both mixture gases. The result obtained in SFs/O, reaffirmed that
SiC does enhance the polymer formation during etching to prevent the side wall from
being etched (no undercut). In these experiments, the etched area was ~10% of the
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10 Unetched - Schottky diodes on RIE etched with addition
- - of Hy, ECR etched, and unetched SiC samples
10t L [56]



A Review of SiC Reactive Ton Etching in Fluorinated Plasmas 635

total sample electrode area exposed to the plasma. The plasma was generated inside a
quartz tube and the SiC sample was located on top of the glass plate. Interestingly,
residues were found fully covering the etch field in both mixture gases. This is in con-
trast to ECR plasma etching in which no residues were reported. The possible explana-
tion for residues in the etch field is etch mask contamination. These results indicate
that etching in high density plasma does not always result in residue-free etching. Opti-
mization of process conditions including etch mask material, etching condition, and
system configuration is required to achieve a high etch rate and residue-free etching.

ECR plasma etching using microwave plasma has been reported by Lanois et al. [87]
and Flemish and Xie [88]. Lanois et al. achieved an etch rate of 100 to 270 nm/min for
both 3C and 6H polytypes. Flemish and Xie reported effective control of the etch profile
and morphology of 4H- and 6H-SiC polytypes using CF;/Os mixtures. Fig. 28 shows the
effect of sample proximity to the ECR source on the etch rate and anisotropy. The
anisotropy can be quantified as A = (d —1)/d, where d and [ are the vertical and lateral
etch depths, respectively. In addition, ECR etching has been reported [56] to produce
significantly reduced damage on the SiC surface. Fig. 29 shows the current—voltage char-
acteristics of Pd Schottky diodes formed on the unetched SiC surface, as well as on RIE
etched and ECR etched surfaces. The ECR etched surface results in a much reduced
leakage current compared with the RIE etched case.

7. Etching of Sub-um Features

Sub-pum reactive ion etching is one of the critical processes for device fabrication when
the device size shrinks to <1 wm. In the etching of Si sub-um features, highly anisotropic
etching profile is necessary. Microloading and microscopic etching uniformity are the
two key issues for the etching of sub-um features [112]. Microloading effect is dependent
on the microstructure density in the etched area and the gas depletion near the surface.
Microscopic etching uniformity refers to achieving similar etch depths and profiles
throughout the surface of the wafer. Due to reasons such as gas depletion and plasma
non-uniformity, a wide open etched area often exhibits a higher etch rate than that
observed in the smaller areas (microloading). Ion scattering results in an unexpected
etching profile depending on the process pressure and the etchant gas. For SiC, basic
digital integrated circuit on a single wafer is still under development [113]. Applying the
same principles as for Si, a high degree of etching profile control is required for the
etching of sub-um SiC. To achieve this condition, gases resulting in higher etch rates
such as NF3 and SFy are advantageous. For example, we have previously reported [73]
etching of 3C-SiC in pure NF3 and NF3/10% Oz mixture with etch rates in excess of
600 A /min, and a highly anisotropic profile ratio (vertical-to-lateral etch distance) of
10:1 to 15:1 (equivalent to A = 0.9 to 0.93). It is important also to consider the issue of
etch residues during sub-um etching under these conditions because metal contact is
usually the subsequent process.

8. Etching Conditions and Trade-Offs

In the previous sections, RIE etching of SiC has been shown to produce usable etch
rates (100 to 1000 A /min) and a high degree of etching anisotropy [53, 73, 75]. In most
cases, the etch rate increases proportionately with the input rf power [53]. To obtain

422"
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Fig. 30. Device structures: a) MESFET, b) UMOS, c) thyristor, d) HBT, e) diode, f) DMOS,
g) IGT, and h) MOS [111]. H indicates the etch step height

residue-free etching of SiC, one can utilize either Hy additive in fluorinated oxygen gas
mixtures or Hy containing gas in fluorinated gas mixtures. Both these approaches suffer
from a reduced etch rate and anisotropy. For example, in the fluorinated mixture, one
could obtain an etch rate of only ~150 A /min and an etch aspect ratio (depth/width) of
~3 to 4, equivalent to anisotropy A = 0.66 to 0.75. From a device fabrication point of
view, higher etch rates and etch aspect ratios are desirable for etching of trenches for
power devices and for device isolation. For example, as shown in the cross-sectional view
of a MESFET in Fig. 30a, the surface morphology of gate trench etching becomes extre-
mely important for the subsequent gate metal deposition. In a currently published MES-
FET device structure [14], a 0.15 um n* SiC layer has been used for forming the metal—
semiconductor contact. The length of the gate (Lg), and spacing gate—source (Lg) and
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Table 2
Summary of etching results and issues on RIE of 3C-SiC

issues source gas(es) ~ etch rate selectivity  etch residue-
(A /min) SiC/si aspect  free®)
ratio

high selectivity CHF3/80% O2 350 2 N
CBrF3/80% O, 380") 2 N
CF4/80% O 200 2 N

high etch rate NF3 600 > 10 spikes
NF3/10% O, 830 > 10 spikes
SFs/20% Oy 450 > 10 N
CF4/20% O, 350 7to8 N
CHF3/60 to 80% O, 350 to 370 3to4 N
CBrF3/70 to 80% O 350 to 400")

etch aspect ratio NF;3 600 15 spikes
NF5/10% Oo 830 > 10 spikes
SFs/20% O, 450 > 10 N

residue-free

non-metallic electrode one can use all of the conditions given above Y
H, additive NF;/ >50% > O, 40 to 150 3to4 Y
(Fig. 10b and 11) SFs/ >10% Os 50 to 200 3to4 Y
CF4/0 to 90% Os 40 to 180 2 3to4 Y
CHF3/0 to 90% O, 50 to 350 2 3to4d Y
fluorinated mixtures ~ CFy/ >75% CHF}3 100 to 150 3to4d Y
NF3;/ >95% CHF; 150 Y

?) Y: Yes; N: No.
b) Poly-SiC.

gate—drain (Lp) are given as 0.7, 0.3, and 0.8 um, respectively. We have shown earlier
that average etch steps of the order of ~1.5 um can be achieved in fluorinated mixture
plasmas [82]. With an expected aspect ratio of &3, the lateral etch resulting while etch-
ing through the 0.15 wm thick n™ layer is only 0.05. The n™ source and drain islands can
therefore be readily patterned under residue-free conditions.

In addition to the high speed MESFET device, several other devices [114], such as
UMOS, thyristor, heterojunction bipolar transistor (HBT), p—n diode, double diffusion
MOS (DMOS), insulated gate transitor (IGT), and MOS capacitors are reported with
promising electrical performance. The corresponding device structures are shown in
Fig. 30b to h, respectively. For example, UMOS, HBT, and thyristor strictly require
residue-free etching for subsequent metal contact process. For MOS devices, the critical
issue is to improve the interface quality between SiOy and SiC. However, a high etch
rate is required to minimize the cost, i.e. increase the throughput. The various etching
requirements are dependent on the specific device structure. High etch rates and highly
anisotropic profiles are usually necessary for patterning of most of the devices. In the
past, we have reported on the reactive ion etching of SiC by discussing the key issues
such as selectivity, surface morphology, etch aspect ratio, and etch rate. These key etch-
ing issues and etching results for various processes are outlined in Table 2 for 3C-SiC.
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Information on the etching of hexagonal (4H and 6H) SiC is summarized in Table 1.
Often a trade-off between a variety of requirements is needed.

Interestingly, the residues observed on the etched regions in SiC are similar to those
found on Si and attributed to electrode metal contamination [89] when it was etched in
pure CF, plasma. With Hy additive in the CF4 plasma, the residues on the Si etch field
were removed [73, 75]. This indicates that the explanation of surface roughening mech-
anism by attribution to the “micromasking effect” is correct. Since residue-free etching
was obtained in Si etching with Hy additive as well, the mechanism of “etching enhance-
ment of carbon-rich surface” that we proposed for SiC etching in RIE may in fact not be
a dominant process parameter during the etching of SiC. Si etching results indicate that
gas phase reaction of volatile compounds plays an extremely important role in removing
the metal contamination. This mechanism [90] during the Si residue-free etching results
in a lower etch rate with the CF,/Hy mixture. For etching SiC, however, one can easily
find a residue free process resulting in etch rates that are comparable to that resulting in
residues. For example, in Fig. 9a, within the shadowed rectangular residue-free region,
one finds similar etch rate with (SF/90% CHF3) and without (CF5/>75% CHF; and
NF3/>95% CHF3) residues. However, several side-effects may be encountered. For ex-
ample when Hy is used as an additive to obtain a residue-free process, it may be im-
planted into the etched surface resulting in deactivated dopants (thus lowering the sur-
face doping concentration). Hy may also lead to increased polymer generation, it often
affects the etch rate, and results in safety issues (particularly when used eith Os) during
the process.

9. Current Issues and Future Directions

Nearly all plasma processes create damage to the semiconductor materials. Non-uniform
plasma may develop lateral currents which result in gate dielectric damage (charging
damage) [115 to 118] in the fabrication of Si CMOS ULSI device. The damage itself
could also be a part of the overall etching mechanism, such as damage induced chemical
reaction (see Section 2). Not only do the charge particles (ions) create this damage, but
also high energy photons may produce thin damage layers. For example, when high
energy electrons are swept away from the plasma zone and collide with the side walls of
the chamber, they may create potentially damaging high energy X-ray [119, 120] and
ultraviolet [121] photons. As shown in Fig. 29 [56], plasma etching damage of SiC has
been observed by measuring the leakage current in SiC Schottky diodes: the higher the
level of damage, the higher is the leakage current. RIE results in higher damage because
of the high self-induced bias. It has no control over this bias which is almost fixed for a
given system and input rf power. Unlike RIE, high density plasma sources (such as ECR
plasma) usually have low plasma potential (<50 V) so that ion bombardment energy
can be controlled at a minimum level of plasma potential. The use of high density plas-
ma sources could therefore minimize the problem of damage due to ion bombardment.
From a production point of view, Si ULSI technology is transferring from a multi-
wafer process to a single-wafer process. As the wafer size becomes larger, etching unifor-
mity will become more and more critical in determining the overall etching performance.
To increase macro-and micro-etching uniformity [123], substrate temperature and pro-
cess pressure are the two major factors. To ensure uniform etching of small size samples
of SiC in a multi-wafer RIE system, one should control the pressure to reduce ion scat-
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tering and maintain laminar etchant gas flow. Various high density plasma sources are
better candidates than RIE, which is operated in a lower process pressure and plasma
potential.

Highly anisotropic etching profiles are extremely important for patterning most device
structures. As the Si device size shrinks, high aspect ratio of the etching profile becomes
critical. For SiC, highly anisotropic etching profiles have been obtained in most of the
fluorinated oxygen mixtures we investigated, except mixtures with CHFj3. The reasons
are directly related to the polymer generation, where the SiC provides the carbon to
protect the side wall from being etched. In mixtures of CHF3 and Hs, short-range pro-
grade etching profiles were obtained, because of additional polymer deposition in the
etched area. On the other hand, a residue-free etching process is obtained with
CHF3/H, without the need for covering the metallic electrode. Another approach is the
use of a non-metallic material cover to prevent metal contamination during RIE. In Si
etching, teflon and quartz are the two most popular materials used to cover the metal
chamber wall. However, a trade-off between the etch rate, the etching profile, the mate-
rial design for a given reactor chamber wall, and the type of plasma source utilized is
required.

10. Summary

In this paper, we have reviewed recent literature on reactive ion etching of SiC in a
variety of fluorinated oxygen mixture gases such as CHF3/0y, CBrF3/0,, CF4/O,,
SFs/03, NF3/0y and fluorinated mixture gases such as CF,/CHFj, SFgq/CHF3, and
NF;3;/CHF;3; and SF¢/NF3;. The following items have been discussed: 1. basic etching
mechanisms; 2. etch rate, etch aspect ratio (depth/width), and ERR; 3. techniques for
obtaining residue-free etching (smooth etched surface); 4. techniques for obtaining sub-
um feature etching; 5. recent progress of high density plasma etching of SiC; 6. the
limitations of SiC reactive ion etching.
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